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Motion-induced dephasing is a dominant decoherence mechanism for atom-gas quantum memories.
In this paper, we develop a new coherent manipulation technique which enables arbitrary engineering
of the spin-wave momentum with neglectable noise. By zeroing the spin-wave momentum, motion-
induced dephasing can be frozen completely. We experimentally demonstrate this scheme with
laser-cooled atoms in a DLCZ configuration. By applying the freezing pulses, memory lifetime gets
extended significantly to the limit of atom cloud expansion and does not depend on the detection
angle anymore. The observed high cross-correlation above 20 proves that high-fidelity memory
operation is well preserved after coherent manipulation.
PACS numbers: 42.50.Gy, 42.50.Md, 03.67.-a
Atomic ensembles are a promising approach for quan-
tum memory [1–3]. Compared with single-particle quan-
tum memories [4–7], atomic ensembles are advantageous
due to collective enhancement which enables efficient in-
teraction with single-photons [8]. Successful implementa-
tion of atomic-ensemble quantum memory has been car-
ried out in many different physical systems [1–3], such as
laser cooled atoms, atoms in a vapor cell, and rare-earth
ions doped in a solid crystal. With atom-gas ensembles,
remarkable progresses have been made in recent years,
such as the realization of a quantum repeater node [9, 10],
demonstration of quantum teleportation between memo-
ries [11, 12].
In an atomic-ensemble quantum memory, a single-
photon is stored as a collective excitation (spin-wave) [8,
13], which can be described as
|g...g...g〉 ⇒ |Ψ〉gs = 1√
N
N∑
j
eiks·rj |g...sj ...g〉,
where |g〉 is the initial state for all atoms, |s〉 is another
state for storage, N denotes number of atoms, and rj
denotes the position of the j-th atom in the ensemble.
During storage, the momentum mismatch between the
input photon and the control field is also imprinted on
to the spin-wave [14], which is denoted as ks in the
above collective state. The spin-wave momentum de-
termines the single-photon emission direction during re-
trieval. Atom motions during storage will randomize the
internal phases and ruin the collective interference pro-
cess during retrieval, which becomes a dominant deco-
herence mechanism for atom-gas quantum memories [14].
The motion-induced dephasing can be suppressed signif-
icantly by employing a collinear configuration [14, 15],
in which case ks ≈ 0. Nevertheless, leakage from the
collinear control beam into the single-photon channel is
extremely difficult to suppress, and requires using multi-
ple stages of filters, which will reduce the overall memory
efficiency significantly. Motion-induced dephasing can
also be eliminated by using optical lattice to confine atom
motion in the spin-wave direction [16–18]. However, op-
tical lattice is technically demanding and gets the exper-
imental setup complicated. Moreover, by making coher-
ent manipulations between |g〉 and |s〉, motion-induced
dephasing can also get rephased [19]. In the experimen-
tal demonstration [19], noise due to manipulation errors
was suppressed to below the single-photon level, never-
theless high-fidelity storage and retrieval require much
better Raman manipulation techniques.
In this paper, we introduce a new coherent manipu-
lation technique by making use of an auxiliary state of
|s′〉, which enables significant suppression of the noise
due to manipulation errors. Moreover, by configuring
the Raman beam directions, we can arbitrarily engineer
the spin-wave momentum. By setting ks′ = 0, motion-
induced dephasing can be frozen completed. In our ex-
perimental demonstration, we make use of a laser-cooled
atomic ensemble memory and perform the DLCZ proto-
col. High nonclassical correlation between the write-out
and read-out photon is preserved. We also demonstrate
the lifetime extension process for a series of detection an-
gles. Without applying the freezing pulses, memory life-
time depends on the detection angle significantly. After
applying the freezing pulses, memory lifetime extends to
a constant value which is limited by thermal expansion.
The new spin-wave manipulation scheme is depicted in
Fig. 1. The two ground states |g〉 and |s〉, together with
an excited state |e〉, form a Λ-type system. In the DLCZ
protocol [8], a write pulse creates a write-out photon and
a single atomic spin-wave simultaneously through spon-
taneous Raman scattering. After some duration of stor-
age, the spin-wave is later retrieved as a read-out pho-
ton. High cross-correlation between the write-out and
the read-out photon guarantees high-fidelity memory op-
erations. The spin-wave wave-vector is determined by
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2the write-out photon detection angle θs relative to the
write beam, as ks = kw − kwo. For a typical non-
collinear configuration, motion-induced dephasing gives
rise to a lifetime of tens to hundreds of µs [14]. To ma-
nipulate the spin-wave wave-vector without introducing
strong noise [19], we make use of an auxiliary ground
state |s′〉, and two Raman beams with wave-vectors k+
and k− to couple the transition between |s〉 and |s′〉
through a two-photon stimulated Raman transition [20].
Immediately after the spin-wave being created, a Raman
pi pulse is applied to convert the spin-wave |Ψ〉gs to an-
other one |Ψ〉gs′ with a wave-vector of ks′ = ks + kpi,
where kpi = k+ − k−. By carefully arranging the Ra-
man beams such that ks′ = 0, the momentum of the
spin-wave is erased, and then the atomic-motion-induced
dephasing is frozen out. After a certain duration of stor-
age, another pi pulse is turned on to restore the spin-wave
|Ψ〉gs′ back to |Ψ〉gs and gives an additional wave vector
k′pi = k−−k+. Thus the original spin-wave wave-vector
ks is recovered, which enables subsequently efficient re-
trieval along the original phase-matching direction. Since
population in the |g〉 state is unaffected, imperfection of
the pi pulses between |s〉 and |s′〉 will only result in slight
loss for the stored spin-wave, which will not increase the
readout noise level, so high non-classical correlation can
be well preserved.
-k
)&
g
s’
'e
+k
)&
-k
)&
'
+k
)&
write read
s’s s s ss’ s’
g g g
e e e
Creation Freezing Retrieval
write-
 out
read-
 out
FIG. 1: (color online). Experimental scheme of spin-wave
freezing. A single spin-wave |Ψ〉gs is first created in the atomic
ensemble between the states |g〉 ↔ |s〉. Afterwards, a Raman
pi pulse which couples the |s〉 ↔ |s′〉 transition via a two-
photon Raman process is then applied immediately to transfer
the spin-wave to |Ψ〉gs′ with zero wave vector. Later, just
before spin-wave retrieval, another pi pulse is employed to
restore the spin-wave back to |Ψ〉gs. Finally the spin-wave is
retrieved back to a read-out photon by turning on the read
beam. The black ellipse refers to the spin-wave states.
Our experimental setup is shown in Fig. 2. An atomic
ensemble of ∼ 108 atoms is loaded by a magneto-optical
trap (MOT) and result in a temperature of about 13 µK
after polarization gradient cooling. The optical depth is
about 5. A bias magnetic field of 1.5 G is applied to lift
the Zeeman degeneracy. The energy levels are carefully
selected as |g〉 = |F = 1,mF = −1〉, |s〉 = |F = 2,mF =
−1〉 and |s′〉 = |F = 2,mF = +1〉 of the hyperfine ground
states of 87Rb, so that |g〉 and |s′〉 are a pair of “clock
states”, which is insensitive to inhomogeneity of magnetic
field during storage. Consequently, with this configura-
tion, two dominant decoherence mechanisms, atomic mo-
tions as well as inhomogeneity of magnetic field, can be
suppressed simultaneously.
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FIG. 2: (color online). Experimental process and setup. (a)
Energy levels and Raman beam configuration. |g〉 and |s′〉 are
selected as a pair of “clock states”. (b) Time sequence of the
experiment. The write and read pulses have a duration of 100
ns. The Raman pi pulses have a duration of about 2 µs. The
first Raman pi pulse is turned on immediately after the write
process. T is the storage duration. (c) Experimental layout.
The write beam couples the transition |F = 1〉 ↔ |F ′ = 2〉
with a detuning of -10 MHz and a power of 1 µW. The read
pulse resonantly couples the |F = 2〉 ↔ |F ′ = 2〉 transition
with a power of 100 µW. The waist of the write/read beam is
200 µm. For the write-out/read-out detection mode, the waist
is 90 µm. A bias magnetic field is applied to define the quanti-
zation axis and split the Zeeman levels. In order to freeze out
the motion-induced decoherence, intersection angle between
the two Raman beams is arranged to be exactly the same as
θs. The write-out and read-out photons are first polarization
filtered before single-mode fiber coupling, and then frequency
filtered with etalons and detected with single photon coun-
ters (not shown). QWP stands for a quarter-wave plate and
PBS stands for a polarized beam-splitter. Inset: Momentum
relationships for write, write-out and Raman beams.
To drive the transition between |s〉 and |s′〉, two Ra-
man beams which originate from the same diode laser are
applied. To employ constructive interference between the
transition pathes via |F ′ = 2〉 and |F ′ = 1〉, single-photon
detuning of the Raman beams is set to be ∆ = −408 MHz
relative to |F ′ = 2〉, which is exactly half of the hyperfine
splitting between the D1 excited states. Each Raman
beam has a power of about 2.0 mW. To achieve high-
fidelity Raman pulses, the diameter of the Raman beams
is set to 3.8 mm to guarantee the intensity flatness in the
atom region, and the intensities of both Raman beams
are actively stabilized during the MOT loading phase and
then passively hold during the experiment phase. Ram-
sey measurements are carried out to optimize the two-
photon detuning to zero. The measured Raman Rabi
frequency is about 230 kHz, leaving the width of each
3pi pulse to be about 2.0 µs. To fully freeze the motion-
induced dephasing, the wave vectors should strictly sat-
isfy (kw − kwo) + (k+ − k−) = 0 , which means that the
Raman k+ should either propagate along the write-out
beam, or counter-propagate along the write beam. But
restricted by the optical helicities and effective filters,
here we can only arrange the Raman k+ and k− beams
as shown in Fig. 2(c), and the momentum relationships
between write, write-out, and Raman beams are shown
in the insert. Two stage AOMs are used to reduce the
leakage of Raman k− beam into the read-out channel.
What’s more, the frequency of Raman k− beam is about
6.8 GHz different from the read-out photons, and thus
the noise from this beam to the read-out channel can be
further reduced significantly by the etalon filtering.
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FIG. 3: (color online). Measured cross-correlation as a func-
tion of storage time. (a) and (c), Raman manipulation is not
applied. (b) and (d), Raman manipulation is applied. The
lifetime fitting models used are the same as [14].
Below we carry out DLCZ storage to investigate
the feasibility of our spin-wave freezing scheme. De-
tailed time sequences and geometric layout for the con-
trol beams and detection modes are shown in Fig. 2.
The quality of DLCZ storage is typically character-
ized by the cross-correlation function between the write-
out and read-out photons, which is defined as g(2) =
pwo,ro/(pwopro), where pwo(pro) denotes the probability
of detecting a write-out (read-out) photon, and pwo,ro
is the coincident probability between a write-out and a
read-out photon. g(2) > 2 means the read-out photon is
non-classically correlated with the write-out photon [21].
We first measure decay of g(2) without applying the Ra-
man pulses, with the results shown in Fig. 3(a) and (c) for
two different storage angles of θs = 2.1
◦ and θs = 4.8◦.
In these measurements, the write-out probability is set
to be pwo ' 0.38%. The measured initial g(2) are well
above 30, which implies high degree of nonclassical cor-
relations between the write-out and the read-out pho-
tons. When applying the Raman freezing pulses, we get
new experimental results as shown in Fig. 3(b) and (d)
under the same level of pwo. The measured initial g
(2)
are 23.05±0.53 and 20.6±0.56 respectively, which implies
high non-classical correlations have been well preserved.
If such a DLCZ interface is employed to generated a
pair of atom-photon entanglement[22], the visibility can
be well approximated as V ' (g(2) − 1)/(g(2) + 1) [23],
and thus the entanglement fidelity can be estimated as
F ' (1+3V )/4 ' (g(2)−0.5)/(g(2)+1) [24]. As the mea-
sured g(2) after Raman manipulations are well above 20, a
corresponding high fidelity of F ' 0.93 can be estimated
for entanglement generation. In comparison, our previ-
ous spin echo experiment [19] got a measured g(2) ' 5 af-
ter Raman manipulation, which corresponds to a fidelity
of F ' 0.75 for entanglement generation. Notably, for
both storage angles, g(2) drops slightly after the freezing
process, which may be caused by the imperfect pi pulses
and the imperfect mode matching during Raman manip-
ulations. With a finite pi pulse fidelity, there will be some
losses for stored spin-wave state after two pi pulses, which
will reduce the retrieval efficiency and get g(2) dropped.
Since we cannot realize kpi = −ks perfectly, there will
still be a certain degree of motional dephasing during
storage, which will also cause drops of g(2).
Moreover, by applying the Raman freezing pulses,
memory lifetime gets extended significantly as also shown
comparatively in Fig. 3. Without Raman manipulation,
the fitted 1/e lifetime is 123(1) µs for θs = 2.1
◦ and 52(1)
µs for θs = 4.8
◦. After applying the freezing pulses, 1/e
lifetime is increased to 1.83(1) ms and 1.94(5) ms, re-
spectively. Furthermore, we perform the same lifetime
measurement for more storage angles, and summarize all
results in Fig. 4. Without spin-wave freezing (shown in
Fig. 4(a)), the storage lifetime is inversely proportional
to the detection angle θs as theoretically estimated [14].
1/e lifetime varies from 169 µs to 52 µs as the detection
angle θs increases from θs = 1.25
◦ to θs = 4.8◦. To be
mentioned that, when storage angle close to or smaller
than 1◦, despite of the motion-induced dephasing, inho-
mogeneity of magnetic field will be another main deco-
herence mechanism to restrict the storage lifetime, so the
measured lifetime for θs = 1.25
◦ is slightly smaller than
the theoretical one. As a comparison, for storages with
freezing, the lifetime is no longer sensitive to the storage
angles anymore, as shown in Fig. 4(b), leaving a constant
lifetime of about 1.84 ms, which is close to the thermal
expansion limit [14]. What’s more, the measured g(2)
values are all around 20, which guarantees high-fidelity
memory operations.
In summary, we have introduced and experimentally
demonstrated a new coherent manipulation technique for
atomic ensemble quantum memories. By transferring the
atomic excitation to an auxiliary state, we can arbitrar-
ily engineer the spin-wave momentum. By minimizing
the spin-wave momentum, we freeze the motion-induced
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FIG. 4: (color online). Comparison for DLCZ storages with
and without freezing for different storage angles. (a), With-
out freezing, the measured lifetime is inversely proportional
to θs as expected. The red curve is the theoretical estimation
under the formula τs = 1/ksv, with v =
√
pikBT/2m being
the one-dimensional speed of the atoms and T is the temper-
ature of the ensemble. (b), Lifetime (red circle) and initial
cross-correlation (black square) with freezing. The measured
lifetime does not depend on the storage angle anymore due
to the elimination of the motion-induced dephasing and mean
lifetime is about 1.84 ms, which is shown as a dashed red line.
Cross-correlation is well preserved with a mean value of 21.8
shown as a dashed black line.
dephasing completely and extend the memory lifetime
significantly to the limit of atom cloud expansion. Since
population inversion is not involved, high non-classical
correlations above 20 have been observed between the
write-out and read-out photons in the DLCZ scheme,
which guarantees that high-fidelity memory performance
is well preserved after spin-wave manipulation. Our work
enriches the experimental toolbox of harnessing atomic
ensembles for high-performance quantum memories, es-
pecially for holographic quantum memories where many
spin-waves with different wave-vectors are used [25].
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